). This step ity, but whether and how it assists their folding has of trans ATP-mediated discharge is accelerated by bindremained unanswered. We have examined yeast mitoing of nonnative polypeptide on the trans ring, but is chondrial aconitase, an 82 kDa monomeric Fe 4 S 4 clusunaffected by added GroES. Subsequent ordered bindter-containing enzyme, observed to aggregate in ing of GroES to the ATP-polypeptide-bound ring sets chaperonin-deficient mitochondria. We observed that up a new folding-active cis complex. In this way, GroEL aconitase folding both in vivo and in vitro requires both alternates its rings back and forth, forming and dissociGroEL and GroES, and proceeds via multiple rounds ating chambers that support the productive folding of of binding and release. Unlike the folding of smaller substrates small enough to be encapsulated. substrates, however, this mechanism does not involve
Given the potential difficulties in interpretation inherent in studying either a multimer or a chimeric protein, it seemed desirable to study a natural monomeric protein of large size to resolve whether and how GroEL/ GroES assist folding of larger species (e.g., by a cis versus trans mechanism). Here, we have carried out a study of such a protein, yeast mitochondrial aconitase, a monomeric, 82 kDa, Fe 4 S 4 cluster-containing enzyme of the Krebs cycle that catalyzes the isomerization of citrate to isocitrate. Rospert and coworkers reported earlier that, when the precursor form of this protein is imported into mitochondria deficient in either Hsp60 (GroEL) or Hsp10 (GroES), the imported protein lodged in insoluble aggregates, as compared with being fully soluble after import into wild-type mitochondria (Dubaquié et al., 1998), implying that the complete chaperonin system is required for proper folding of this enzyme. Studies here of the mature form of this enzyme, both expressed in intact E. coli and in vitro, confirm a requirement for both GroEL and GroES to enable production of active enzyme and elucidate a mechanism for GroELGroES-mediated folding of larger proteins.
Results

Both GroEL and GroES Are Required for Production of Native Yeast
Aconitase in E. coli When mature yeast mitochondrial aconitase was expressed in E. coli from a lac-regulated promoter on a high-copy plasmid (pAco), a large amount of enzymatic activity was detected in the cell extract ( Figure 1a , lane 2), amounting to at least 30-fold more than in an equivalent amount of cell extract from untransformed E. coli (lane 1). When constitutively overexpressed GroEL and GroES were present, the activity recovered was increased an additional 1.5-fold (lane 3). Examination of GroES, GroEL-bound aconitase was released during the tive folding of such smaller proteins as rhodanese and polypeptide-bound ring. Both SR1-aconitase and double-ring (wild-type) GroEL-aconitase binary complexes were formed and purified by gel filtration. Upon addition of ATP/GroES, whereas wild-type GroEL complex produced ‫%57ف‬ recovery of activity of the aconitase bound in the starting binary complex, SR1 complex produced only ‫%51ف‬ recovery of the aconitase activity (Figure 4 ). To more directly assess the requirement for interactions of GroES with a ring in trans, a similar experiment was carried out with a mixed double-ring complex, MR1, able to bind ligands normally on one wild-type ring, but unable to bind GroES or polypeptide on the opposite ring as the result of mutations in its apical domains. Aconitase diluted from acid was as efficiently captured by MR1 as by wild-type GroEL (not shown), but when the gel filtration-purified complex was incubated with ATP/GroES, only ‫%01ف‬ of activity was recovered (Figure 4) . We thus conclude that ATP/GroES binding to the ring in trans to bound aconitase is required for productive folding.
GroES Binding in trans Drives Release of Nonnative Aconitase
To directly address whether the specific role of GroES binding in trans is to trigger release of aconitase, another form of GroEL was required to capture any released, nonnative aconitase (note that "nonnative" refers to an ensemble of unfolded and partially folded conformations, and specifically excludes apoenzyme). Unfortu- with the avidin beads (Figure 5b, upper panel) . This reGroEL-bio following addition of ATP/GroES probably reflects both the inability of GroEL-bio to irreversibly flects release of the bound substrate protein and capture by GroEL-bio, because it was dependent on the prescapture nonnative aconitase molecules and the resulting competition for binding between GroEL-bio and the ence of GroEL-bio and on addition of both ATP and GroES. In particular, in the absence of GroEL-bio, only wild-type GroEL molecules present in the solution. The observation that ATP/GroES is required in trans to ‫%01ف‬ of the aconitase was found with the beads, corresponding to the level of background trapping (not trigger release of aconitase differs strikingly from earlier studies of the discharge of encapsulated substates from shown). Likewise, addition of ATP alone produced only slightly greater radioactivity associated with the avidin cis ternary GroEL-GroES-polypeptide complexes, where ATP binding alone in trans was sufficient to trigger dissobeads than background (Figure 5b, upper panel) (Figure 5b, lower panel) . Thus, the Multiple Rounds of Release/Rebinding of Aconitase during Productive Folding folding deficiency observed for SR1 and MR1 complexes is directly attributable to their inability to release
The foregoing experiments indicate that productive folding of aconitase is associated with at least one round bound aconitase.
Based on the behavior of the chaperonin system with of release from GroEL. But does a substantial fraction of aconitase molecules require multiple rounds of reother substrate polypeptides, it seems likely that all of the bound nonnative aconitase molecules are discharged lease and rebinding before reaching the apo form, as is the case for GroES-encapsulated substrates such as with each round of the chaperonin cycle. The recovery of ‫%05ف‬ of the initially GroEL-bound aconitase with rhodanese, MDH, and Rubisco? To address this ques- tion and determine what fraction of aconitase reaches with an affinity similar to wild-type, but hydrolyzes it at a rate only ‫%2ف‬ that of wild-type. Accordingly, addition native form in one round of release, we utilized the GroEL mutant, D398A (Rye et al., 1997) . This mutant binds ATP of ATP/GroES to an Aco-D398A binary complex should 15 min, no additional activity was recovered (Figure 6b ). By comparison, in a similar reaction with a wild-type GroEL-aconitase complex (Figure 4) , the recovery of activity at 30 s was similar ‫,)%02ف(‬ but it increased during the subsequent minutes to Ͼ70%. Thus, we conclude that aconitase refolding involves multiple cycles of binding by GroEL and GroES-driven release in trans, with ‫%02ف‬ of the molecules reaching the folded apo form in any given round. the nucleotide cycle of this trans-operating mechanism appears to be the same as that employed in cis folding, and while there are also cycles of polypeptide binding and release as with the cis folding reaction, there are produce trans-driven release of aconitase and one round of folding. However, released nonnative molefundamental differences between the two mechanisms, concerning both the fate of polypeptide and the action cules should be unable to rebind to the chaperonin and to undergo further rounds of release and folding, beof GroES (see following section). Regarding the polypeptide, the larger nonnative protein is released into the bulk cause the open ring of the asymmetric complex will lie opposite a ring still occupied by GroES and unhysolution, instead of into the sequestered and hydrophilic chamber produced when GroES binds to a GroEL ring drolyzed ATP, a state unable to bind polypeptide ( The observation that the refolded apo form of aconitase remains bound to GroEL is surprising, because in the ring occupied with bound aconitase are likely to remain in a state that is similar to the unliganded (bindingabsence of chaperonin, apoaconitase produced by removing the Fe 4 S 4 cluster from the holoenzyme is stable active) topology and far from that of a GroES-bound cis ring. As such, binding of ATP in the opposite trans ring in solution and remains competent to reform the holoenzyme for several hours (T.C., unpublished observations). may not be sufficient to produce allosteric apical movement that could eject aconitase. Only with the subseWhile apoaconitase can be recruited to GroEL, it is not subject to misfolding and aggregation in its absence. quent binding of GroES would a larger extent of apical g, and GroEL and associated proteins were recovered from the
Refolded Apoaconitase Remains Bound to GroEL and Is Released by Fe 4 S 4 Cluster Formation
